identical result was obtained when a ⌬-Asm-1 strain into 1C and 1D; Figure 4D ), despite the fact that half of them must be Asm-1 ϩ . This phenotype was largely or comwhich an Asm-1 ϩ allele was inserted ectopically at the pletely attributable to Asm-1 ⌬ , as seen from control his-3 locus was crossed to wild type (e.g., his-3 ϩ :: crosses between wild-type strains (Asm-1 ϩ A ϫ Asm-1 Figure 4C ) and parental to complement the sexual phenotype was unexpected nonwild but Asm-1 ϩ strains (Tables 1 and 4 , cross 2) under the usual tenets of molecular and Mendelian geand between parental and wild-type strains (data not netics, for the following reason. Ascus-dominant mutashown). tions have been seen before, and classically have been
In principle, this ascus-dominant behavior could be explained away as hypermorphs or neomorphs that explained as conventionally proposed for dominant negoversynthesize a normal product or that make an abnorative mutations (Herskowitz, 1987) . Although the promal toxic product leading to negative complementation. moter and most of the coding region of the gene were However, the fact that our original mutant was known removed during the transplacement event used to inactito be a deletion forced us to doubt this explanation.
vate Asm-1 ϩ (Aramayo et al., submitted), it was conceivWe have considered possible models for the ascusable that the remaining region of the gene was expressdominant behavior of the ⌬-Asm-1 mutant and have ing a truncated RNA and thus making a protein that tested them. Our data show that even a normal Asm-1 could be interfering with the action of its wild-type coungene must be in close proximity to its homolog to functerpart. We have two observations that argue against tion in the diplophase following karyogamy; presumably, this explanation: first, total RNA extracted from wtthe genes must be paired. Thus, crosses in which both Asm-1 strains presented a signal corresponding to a parents have an intact Asm-1 ϩ gene, one in the normal band of the expected molecular weight, while RNA exlocation and the other in a "wrong" location, produce tracted from ⌬-Asm-1 mutants gave no signal (data not white spores almost exclusively; crosses in which both shown); second, anti-ASM-1 polyclonal antibodies parents have this gene in the wrong location, i.e., the raised against the polypeptide encoded by the region same wrong location, are fertile. We suggest that transof the gene that was left intact in our gene replacement vection happens in the narrow window of time during experiments potentially should have recognized and dewhich homologous chromosomes pair before crossing tected peptides being expressed from this region, but over. Failure of pairing leads to a subsequent failure of they gave no signal when used against immunoblots of maturation and of blackening of the ascospores. Transextracts from ⌬-Asm-1 strains, while recognizing a sinvection is therefore a significant event for subsequent gle protein band of the expected molecular weight on ascospore formation in Neurospora. Indeed, it could be immunoblots of extracts from wt-Asm-1 strains (Aramuch more widespread in the diploid phase of fungi mayo et al., submitted). Although these results argued and of higher animals and plants than has generally against dominant negative effects, definitive disproof been appreciated. required other data (see below). The ascus dominance of Asm-1 ⌬ is not, however, abResults solute. In crosses between ⌬-Asm-1 and wt-Asm-1 strains, a few mature ascospores (< 1%) were always Asm-1 ؉ Is Required for Ascospore Maturation, produced (see Tables 1 and 4 , crosses 3 and 4). We and an Asm-1 Deletion Mutant (⌬-Asm-1) collected and germinated 36 such random ascospores Is Ascus-Dominant from a cross of RLM 80-21 ϫ RLM 81-02 (Table 6 ). The Mating of two wild-type strains of N. crassa results in the total number of spores collected was large enough that production of asci containing eight mature ascospores, few or none of these could be expected to be siblings with Mendelian segregation for any pair of alleles being from a single ascus. Cultures from these ascospores 4:4. Therefore, it was surprising that when strains conwere tested for the segregation of the different markers taining a deletion of Asm-1 ϩ (Aramayo et al., submitted) that were present in the cross. All markers, with the were crossed with any nondeletion strain of the opposite exception of Asm-1, were present in Mendelian ratios. mating type, eight-spored asci were abundantly proIn contrast, all isolates carried an Asm-1 ϩ copy; one duced but approximately 99% of the ascospores were exceptional isolate also carried an Asm-1 ⌬ copy, but its white, immature, colorless, and inviable (Asm-1 ⌬ ::mtr ϩ Southern blot pattern was that expected of a heterokaryon with a nuclear ratio strongly skewed in favor of the A ϫ Asm-1 ϩ a) (Tables 1 and 4 , crosses 3 and 4; Figures critical step as the nucleus-nucleus interaction that takes place during the nuclear courtship preceding karyogamy. Given that the irreducible minimum difference between dikaryotic nuclei is the nonidentity of their mating type idiomorphs at the mating type locus, one can imagine that the product of Asm-1 ϩ is differentially modified before karyogamy by the products of the two mating type idiomorphs (structurally unrelated alleles at the mating type locus). These differentially modified ASM-1 products would then play an active role in the prekaryogamic nuclei, regulating nuclear courtship, and after karyogamy and meiosis, the process of spore maturation. The absence of Asm-1 ϩ in one nucleus could make the communication analogous to a phone conversation during which the mouthpiece of one of the phones fails. Nuclear fusion would occur, but neither of the nuclei would have been properly prepared for it, and ascospore maturation would fail regardless of the Asm-1 genotype of the individual ascospore.
The second model supposes that for normal ascospore maturation, the zygote nuclei that will undergo meiosis, postmeiotic mitosis, and ascospore delimitation must contain a quite precise level of ASM-1 protein.
A 50% deficit in the dosage of ASM-1 protein at karyogamy has a dominant effect, and ascospore formation fails, again regardless of the Asm-1 genotype of any particular ascospore.
The third model holds that the ascus-dominant phenotype observed is due to the need of the Asm-1 alleles to be in close proximity, presumably paired with each other at karyogamy; in other words, they must be transvective. In crosses between a wt-Asm-1 strain and a ⌬-Asm-1 mutant, the mutation would be dominant be- allow ascospore maturation (for example, see Klar, 1980) . The products of the two mating type idiomorphs should act upon the product of the Asm-1 ϩ allele present wild-type allele. Therefore, this isolate was probably the in the same nucleus, differentially modifying it and result of meiotic nondisjunction followed by breakdown allowing the strain to circumvent the usual dominant of the disomic to a heterokaryon. Examination of individeffect of ⌬-Asm-1 in crosses. We therefore constructed ual asci rather than random spores showed that these two N. crassa strains, RLM 80-02 and RLM 80-04, conrare black ascospores originated from 4:4 asci (black: taining the A and the a idiomorphs in an a and A backwhite; viz., viable:inviable), and therefore were not the ground, respectively, and two strains, RLM 80-03 and result of accidents at the level of individual spores.
RLM 80-05, containing only a control Bluescript plasmid in A and a backgrounds. All plasmids were directed to the his-3 locus (for details, see Table 6 for complete genotypes and Experimental Procedures for details on the construction of strains. Crosses 5 and 9 are experimental. Crosses 6, 7, 8, 10, 11, and 12 are controls. Heterokaryons were constructed between the Griffiths helper strain (see Table 1 Tables 3  and 4 , the presence of an Asm-1 ϩ allele at his-3 ϩ did crosses 7 and 11 (see Table 2 ). As expected, mature ascospores were abundant in control crosses 6, 8, 10, not restore normal ascospore maturation; the crops of white inviable ascospores obtained from crosses 13 and and 12 (for details, see Table 2 and Experimental Procedures).
14 ( Figure 3A . Random ascospore progeny from were crossed to wt-Asm-1 strains (his-3 ϩ ; Asm-1 ϩ ) (Tables 3 and 4, crosses 13 and 14; Figure 2A ). As controls, such crosses included more than 30% that were mature of mature ascospores produced in these experiments (D) Schematic representation of ascospore development in the cross was much higher than the few black ascospores (< 1%) diagrammed on (C). Symbols are as described in the legend of (1B) observed in the control crosses (Tables 3 and 4, crosses   and (2C). 13, 14, 15, and 16). All of these mature ascospores originated from asci containing 8 black:0 white spores, as mutation that still allows pairing of the alleles will genershown in Figure 3B and Figure 4G . These results are ate a recessive or ascospore-autonomous phenotype. consistent with transvection. The persistence of a sizeThis prediction was tested as follows. We set up crosses able fraction (about 70%) of asci with 8 white:0 black between ⌬-Asm-1 mutants containing a nonfunctional spores is, in our opinion, attributable to other unavoidbut structurally almost normal copy of Asm-1 (Asm-1 fs ) able limitations in the experimental system, such as preand an intact copy of Asm-1 ϩ , both at his-3 (crosses meiotic repeat-induced point mutation (RIP) (Selker, 18 and 19). These alleles should be able to pair after 1990). RIP can occur when a sequence in Neurospora karyogamy, allowing for their normal developmental regis present in more than one copy in the haploid genome.
ulation (see Figure 3C ). If pairing, followed by meiosis If it occurs in a sequence essential for ascospore matuand mitosis, is the critical step for later expression of ration, RIP will give rise to white spores. Much, but not spores. Individual shot asci also give the expected ratio of 4 black:4 white ( Figure 4H ). The transvection model implies that a simple point Because one of the Asm-1 alleles in this cross was a Meiotic Transvection in Neurospora: A frameshift mutant, we expected a smaller fraction of Diploid-Specific Event mature ascospores to be produced when the bulk crop Typically, only one male-derived nucleus fertilizes one was examined, compared with the fraction of mature protoperithecium, but not infrequently, especially when ascospores produced in the previous cross (between the male parent is in a balanced heterokaryon, two kinds two Asm-1 ϩ alleles at his-3). This prediction was conof male-derived nuclei can participate in this process firmed. As seen in curring during synapsis, after karyogamy. If this is the As expected, an abundant progeny consisting solely of case, when a heterokaryon composed of nuclei that are immature ascospores was produced by cross 20. The Asm-1 ϩ and nuclei that are Asm-1 ⌬ is used as a male results of crosses 17, 18, and 19 also rule out another to fertilize protoperithecia, the wild-type counterpart possibility: that Asm-1 expression in the diplophase reshould not be able to escort the deletion component quires a promoter element located upstream of the one through a cross, since there is no fusion of nuclei in used in the haplophase, and that these two promoters such heterokaryotic, prekaryogamic mycelia. On the were separated in the relocated fragment. If this were other hand, if fusion and synapsis of homologs is not the case, a relocated construct would have normal exrequired, it should be able to do so, since the Asm-1 ϩ pression in the haplophase but not in the diplophase. nuclei would complement the metabolic or developHowever, the fact that crosses 17-19 produce black mental deficiencies, or both, of the Asm-1 ⌬ nuclei before viable ascospores shows that, if a diploid-specific prokaryogamy. To test this idea, we constructed heteromoter element exists, it is also present in the relocated karyons between ⌬-Asm-1 strain (RLM 80-21) and wtfragment.
Asm-1 strains of either A (RLM 45-04) or a (FGSC 4564) It seemed very likely, but was yet unproven, that the mating types. Conidia from these heterokaryons, which black ascospores from cross 18 were exclusively those are themselves mostly heterokaryotic, were used to fercarrying the Asm-1 ϩ allele at the his-3 locus. If this was tilize protoperithecia from a wt-Asm-1 strain (RLM 81-the case, the ability of ascospores to mature should be 34). This experiment employed a set of strains that would linked to the his-3 locus, which in turn is linked to mating allow detection of the participation of the nucleus contype on linkage group I. Therefore, the mating type of taining the Asm-1 ⌬ allele. In a cross between the female most viable progeny of cross 18 (Table 4) should corre-(lys-1 Asm-1 ϩ a) and the heterokaryon (lys-1 ϩ Asmspond to the mating type of the strain containing the 1 ⌬ ::mtr ϩ A ϩ lys-1 Asm-1 ϩ A), only a combination of the functional version of Asm-1 inserted at his-3, i.e., mating nuclei (lys-1 Asm-1 ϩ a) and (lys-1 ϩ Asm-1 ⌬ ::mtr ϩ A) is type A (see Figure 3C) . We tested the mating type of capable of giving rise to ascospores. This is because 132 ascospore isolates from cross 18. For a control, we lys-1 ϫ lys-1 homoallelic crosses, under our experimendid the same with 136 isolates from cross 17 (Table 4; tal conditions, produce no ascospores, mature or otherresults in Table 5 ). As expected, the mating type of the wise. In an additional cross between the female (lys-1 large majority of progeny from cross 18 was A, whereas Asm-1 ϩ a) and the heterokaryon (lys-1 ϩ Asm-1 Meiotic Transvection in Neurospora Our results support a model in which proper control however, its role in ascospore maturation cannot be satisfied either by its partner in sexual union unless it of Asm-1 ϩ requires transvection. Asm-1 ϩ will only be Tables 3 and 6 for complete genotypes and Experimental Procedures for details on the construction of strains. 1 refers to the number of isolates that were of the indicated mating type. The total isolates tested were 132 and 136 for crosses 18 and 17, respectively. Cross 17 is a control cross that is homozygous for all markers except mating type. Probability ϭ probability of observing numbers deviating this far from 1:1 if the true population value was 1:1 (two-tailed test). appropriately expressed (and therefore support ascoforeshadowing of our findings with Asm-1, Jacobson (1992) found ascus-dominant Round mutations that, on spore maturation) if it is mechanically possible for it to have been paired at karyogamy with an Asm-1 allele. the basis of indirect but plausible reasoning, could be expected to be deletion mutations. Thus, the facile exThe allele with which it pairs need not be functional; however, one in which most of the gene has been deplanation that the dominance of Round is due to synthesis of a mutant product that interferes with its wildleted does not suffice. Pairing of Asm-1 alleles in the zygote stage determines the differentiation (i.e., blacktype counterpart is made awkward, if not completely disproven. Another mutation, Ban, results in giant ascoening and maturation) of the ascospore that occurs later, after the alleles have been separated by the two meiotic spores in which all the meiotic nuclear products and their mitotic progeny of each ascus are enclosed (Raju divisions and postmeiotic mitoses. Clearly, this requires that regulatory information originating in the zygote be and Newmeyer, 1977). Ban, like Asm-1 and Round mutations, has a morphological phenotype in vegetative imprinted in the genome so that it determines the expression of the gene later, during spore development.
haplophase, and makes no protoperithecia (Perkins et al., 1982) . Another dominant mutation called Pk (at the Functional pairing of Asm-1 alleles could be regulating Asm-1 ϩ gene expression by activating, silencing, or peak locus) also affects ascus morphology in heterozygous crosses, but in this case, individual ascospores are modifying the expression of the participating alleles (Figure 3D) . In this sense, Asm-1 offers a somewhat different produced ( with wild-type genes, suggests that it may not be rare mutation are aborted; they remain small, white, and imeither in the world of organisms or in the repertoire of mature, and are completely inviable, while their siblings their alleles. However, its signature can be subtle, and carrying the relocated wild-type allele are black and requirements for observing it are not always fulfilled. viable. Asm-1 fs is thus recessive in the vegetative haploWe therefore outline some criteria by which we might phase and is expressed as an ascospore-autonomous expect it to be recognized. mutation in the sexual cycle.
First, if the mutation, whether a point mutation or a There are a number of loci in Neurospora other than deletion mutation, has a phenotype in the haploid, the Asm-1 at which transvection may play an important role, phenotype in the haplophase will be readily compleas judged from their common feature of giving rise to mented by an ectopically inserted wild-type copy; the ascus-dominant mutations. A suggestive mutant is mutation will be recessive. This criterion obviously does Round (Roundspore), which is female-sterile and, again, not apply to typical multicellular animals in which the has a haplophase morphological phenotype (Jacobson, haplophase consists only of gametes. 1992; Perkins et al., 1982; Turner, 1977) . In crosses of Second, the diplophase-evoked manifestation of null Round to wild type, all the ascospores are spherical instead of the normal spindle shape. In a conceptual mutants will depend on their molecular nature. Deletion 
